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Abstract. Rift Valley fever (RVF) virus is a mosquito-borne phlebovirus of the Bunyaviridae family that causes frequent
outbreaks of severe animal and human disease in sub-Saharan Africa, Egypt and the Arabian Peninsula. Based on its
many known competent vectors, its potential for transmission via aerosolization, and its progressive spread from East
Africa to neighbouring regions, RVF is considered a high-priority, emerging health threat for humans, livestock and
wildlife in all parts of the world. Introduction of West Nile virus to North America has shown the potential for “exot-
ic” viral pathogens to become embedded in local ecological systems. While RVF is known to infect and amplify with-
in domestic livestock, such as taurine cattle, sheep and goats, if RVF virus is accidentally or intentionally introduced
into North America, an important unknown factor will be the role of local wildlife in the maintenance or propagation
of virus transmission. We examined the potential impact of RVF transmission via white-tailed deer (Odocoileus vir-
ginianus) in a typical north-eastern United States urban-suburban landscape, where livestock are rare but where these
potentially susceptible, ungulate wildlife are highly abundant. Model results, based on overlap of mosquito, human and
projected deer densities, indicate that a significant proportion (497/1186 km2, i.e. 42%) of the urban and peri-urban
landscape could be affected by RVF transmission during the late summer months. Deer population losses, either by
intervention for herd reduction or by RVF-related mortality, would substantially reduce these likely transmission zones
to 53.1 km2, i.e. by 89%. 
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Introduction
In considering the events of the past decade, the
introduction of “exotic” pathogens to North
America, whether accidental or through bioterror-
ism, now appears sufficiently plausible to merit
regional planning for prevention and/or contain-
ment of biodefense threats. One particular concern
is the introduction and accelerated spread of highly
pathogenic viruses, such as Rift Valley fever (RVF)
virus, that could incapacitate or kill large numbers
of people, while also potentially decimating local
stocks of susceptible farm animals (Weaver and
Reisen, 2010). 
RVF virus is a member of the Bunyaviridae fami-
ly of insect-borne RNA viruses (Flick and Bouloy,
2005) that was first described in sub-Saharan Africa
in the Rift Valley province of Kenya (Daubney et al.,
1931). RVF is primarily a zoonosis, i.e. an infectious
disease transmitted from animals to humans (Bengis
et al., 2004). Epidemics typically occur during peri-
odic RVF epizootics that grow to involve sympatric
transmission to humans (Ksiazek et al., 1989; Logan
et al., 1992). 
In order to predict the likely impact of such viral
threats to public health, one must account not only
for human risk factors and the characteristic insect
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vectors, but also the local amplifying animal reser-
voirs that could effectively facilitate local transmis-
sion. Outside of livestock raising areas, wild ungu-
late fauna may prove to be the most common North
American animal reservoir for an emerging virus
such as RVF virus, similar to the role played by wild
avifauna after the introduction of West Nile (WN)
virus into the eastern USA in 1999 (Brault, 2009).
Based on the assumption that abundant wild
ungulates, such as the common white-tailed deer
(Odocoileus virginianus), are poised to become the
most important amplifying hosts for RVF in non-
agricultural areas of the north-eastern USA, this
paper discusses the zoonotic and vector abundance
factors likely to determine the areas of highest risk
for an outbreak of RVF within urban and peri-
urban settings of a typical mid-western North
American area, e.g. Cuyahoga county, located in the
north-eastern part of the state of Ohio (LaBeaud et
al., 2008). Our objective is to use data on host, vec-
tor and ungulate wildlife distribution to map out
areas at high risk for RVF transmission.
Prioritization in public health interventions to high
risk areas will be necessary to restrict RVF trans-
mission most effectively over the long term. At pres-
ent, our projections are purely hypothetical.
However, we feel that it is appropriate now to
examine the available data that could guide early
intervention and elimination efforts, and perhaps
prevent permanent establishment of this dangerous
pathogen within local ecosystems.
Materials and methods
Assumptions for analysis
The overlap of human, mosquito and deer habitat
in a typical North American urban and peri-urban
setting was examined. Our estimates, based partial-
ly on recent experience with the introduction of WN
virus to the study location (Mandalakas et al., 2005;
LaBeaud et al., 2008), assume that an ungulate-
amplified arbovirus such as RVF virus (Weaver and
Reisen, 2010) is introduced into the area and trans-
mits successfully among local insect and mam-
malian fauna. Our geographical information system
(GIS) projected risk-maps assume that transmission
risk is density dependent, and that local Aedes or
Culex spp. will provide the necessary bridge vectors
to mediate local animal-to-animal and animal-to-
human transmission during RVF epizootics and epi-
demics (Muturi et al., 2008; Turell et al., 2008).
Study area characteristics
Cuyahoga county (2008 mid-year population esti-
mated at 1,283,925) is 1,186 km2 in size, located in
north-eastern Ohio, USA. In terms of climate,
Cuyahoga is located in the humid continental tem-
perate zone, with overall mean temperature of
10 °C, and mean maximum temperature of 28 °C in
July and mean minimum temperature of -7.3 °C in
January. The county includes the city of Cleveland, its
older inner-ring suburbs, and many of its newer sec-
ond-ring suburbs, as well as several large regional
parks, and industrial and agricultural areas.
Mosquito breeding season mirrors the observed
growing season of 156 to 194 days, from May to
October. More than half of the 980 mm average
annual rainfall occurs during the growing season,
with the wettest month being June (99 mm) (National
Climate Data Center for Cleveland, Ohio, available
at http://www.ncdc.noaa.gov). There are an average
of 127 days per year in which the temperature drops
to 0 °C or lower. In 2006, 23% (27,653 ha) of the
county was forested (USDA Forest Service database,
available at http://fia.fs.fed.us/tools-data/), providing
good habitat for deer, although 98% (116,420 ha) is
still classified among the “urban” categories of land-
use (residential, commericial, open). One percent or
less of county land is crop land, and there are 359 km
of major roads (a measure of habitat fractionation)
transecting the area (Iverson and Iverson, 1999). In
terms of agricultural livestock, there are an estimated
100-600 sheep, 1,000 cattle, and 100-300 pigs pres-
ent in the county area (USDA National Agricultural
Statistical Service, available at http://www.nass.
usda.gov/).
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Human density
Location specific human density data were based
on 2000 census tract-level data for human resi-
dence, provided by the US Census Bureau
(http://www.census.gov/geo/www /tiger/).
Mosquito density
Mosquito trap data were obtained from the
Cuyahoga County Board of Health. Standard gravid
traps and CDC miniature light traps were placed
overnight at geocoded locations across the county
during each transmission season (May-October)
from 2002 through 2006. In 2002, 660 traps were
placed on a non-systematic basis in areas of sus-
pected WN virus transmission (based on reports of
suspected cases of human WN neurological disease
(WNND), of observed bird mortality or of high
mosquito abundance). From 2003 onwards, repeat-
ed systematic trapping was performed using rotat-
ing coverage over a grid of 119 defined geographic
locations distributed across the county at ~ 3.2 km
intervals (LaBeaud et al., 2008).
Deer density
The potential animal reservoir of RVF consid-
ered in this analysis was O. virginianus. Although
white-tailed deer are not presently known to
transmit RVF, they represent a numerous standing
stock of potentially susceptible, large ungulates
that could serve to amplify RVF transmission. For
the present study, white-tailed deer census data
were obtained from the Public Works Department
of the City of Solon, Ohio, in south-east
Cuyahoga county (no other municipalities had
such information). Remote sensing via aerial
infrared surveillance provided point location data
for deer (Naugle et al., 1996) These data were
gathered in the fall of 2004 and again in the fall of
2005, after the loss of canopy leaves within the
predominantly deciduous forest areas. During the
2004-2005, a deer control programme was imple-
mented by the city, with significant reductions in
local deer density.
Next, a land-use map was used to subdivide
Solon area into residential, other urban, open
(agricultural and rangeland), forested, water, wet-
land and transitional land use areas according to
the classification codes provided by United States
Geological Survey (USGS). In order to character-
ize ecological subregions within Solon city’s land-
scape that were relatively homogeneous for deer
abundance, we used spatially constrained agglom-
erative clustering of deer-density in adjacent lan-
duse polygons (Fortin and Drapeau, 1995; imple-
mented in BoundarySeer software, BioMedWare;
Ann Arbor, MI, USA) to identify separate low-
level and high-level deer abundance areas (see Fig.
1). We subsequently used these subregion bound-
aries, characterized as a “Solon city center” region
and a “Solon periphery” region, in order to estab-
lish representative deer densities for each type of
land use in central and more peripheral urban and
suburban settings (see Table 1 for deer densities
and Fig. 2 for land use distributions). For the
county-wide projections reported in the results
section and Figures 4 and 5, other areas of
Cuyahoga county were assigned their probable
deer density values by extrapolation of the Solon
data, based on their respective land use ratios and
their central vs. peripheral location in the county.
Ultimately, the data for the central region of Solon
was used as a proxy for habitat in the inner ring
suburbs of Cleveland, which is more highly urban-
ized and made up of older neighbourhoods, while
the Solon peripheral region approximated habitat
in the outer ring of Cleveland suburbs, i.e. at the
eastern, southern and western borders of
Cuyahoga county, with younger housing develop-
ments and more open and forested areas. The
operative inner- and outer-ring designations could
also be based on contiguity with City of Cleveland
proper (LaBeaud et al., 2008); those municipali-
ties adjacent to Cleveland were characterized as
“inner-ring” while those not touching Cleveland
were most often defined as “outer-ring”.
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Fig. 1. Left-top panel, male or buck white-tailed deer; left-center panel, female or doe; left-bottom panel, infant deer or fawn;
right panel, City of Solon, Ohio and surrounding municipalities in the south-eastern section of Cuyahoga county, Ohio. Map
indicates central and peripheral deer census regions in Solon, with the 2004 and 2005 remotely-sensed (aerial infrared) deer
detection points. Photo credits: buck photo, Scott Bauer, US Dept. of Agriculture (public domain); doe photo, Julia Adamson;
fawn photo, Jonathunder (with permission under Wikimedia Creative Commons Attribution license).
Fig. 2. Comparison of land use characteristics of Cuyahoga county inner-ring and outer-ring suburbs (lower panels) with land
use within corresponding central and peripheral sectors of the City of Solon, Ohio (upper panels), which were used as the basis
for the inner-ring and outer-ring suburbs’ deer density projections.
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GIS analysis
ArcGIS version 9.2 (ESRI; Redlands, CA, USA)
was used for all analyses in this project. An arbitrary
GIS shape file was created for Cuyahoga county to
divide its area into equivalent grid squares (Ruiz et
al., 2004). Human census tract data for 2000 was
spatially joined with the grid squares in order to tally
human population per grid square, and population
density was calculated for each square. Aedes vexans
and Culex spp. per-trap-night density numbers were
first derived from georeferenced location shapefiles
(point data) of pre-control mosquito collections
from 2002 (N = 436). Because of the unbalanced
sampling system used in 2002, our analysis grouped
all georeferenced mosquito collections for June-July
(225 records) and August-September (211 records)
periods to increase the number of observations avail-
able for grid each area. Smoothed area estimates of
local mosquito density in each time period were then
developed by applying a kernel density estimation
across the analysis grid (Fig. 3). Four distant corner
points were added to the attribute table for each time
period in order to extend the density calculation up
to county borders. Observed density per km2 was
then calculated, and 10 ordinal groups of relative
mosquito density were created using quantiles, and
joined to the existing grid. 
Grid-based rasters were also created for the project-
ed values of 2004 inner-ring  deer density, 2004 outer-
ring  deer density, 2005 inner-ring deer density, 2005
outer-ring deer density (see under Deer density;
described above), based on land-use characteristics
within each grid and on its “central” versus “periph-
eral” status. These density rasters each included 10
quantiles and were analysed as deciles. The raster cal-
culator (spatial analyst tool) was then used to select
areas of overlap (intersection) within the county for
which all three variables had high values, i.e. above
the 50th percentile value for each variable. We
assumed that greatest local abundance of susceptible
reservoir, vector and human hosts would provide the
greatest risk of local transmission among deer and
would also result in the greatest number of human
cases (LaBeaud et al., 2008), and developed our maps
of projected risk (Figs. 4 and 5) accordingly.
Results
Deer density across differing landscapes
Results of the 2004 and 2005 Solon city aerial
deer census indicated an average of 21.4 animals per
km2 (55.4 deer/mi2) before introduction of a culling
Fig. 3. Culex spp. and Aedes vexans mosquito densities per square mile (2.56 km2) by Kernel estimation in June/July (left panel)
and August/September (right panel) based on mosquito trap data of the Cuyahoga County Board of Health for the years 2002-
2006.
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programme. Following removal of animals in fall-
winter 2004-2005, average density was reduced by
42% to 12/km2 (32/mi2). Figure 1 shows images of
white-tailed deer, and indicates the Solon city
boundaries and those of neighbouring municipali-
ties, along with observed deer locations during the
fall 2004 and 2005 deer censuses. Table 1 shows the
deer densities by land use category within the desig-
nated center and peripheral regions of the city in the
pre- and post-control periods. It indicates a differ-
ential impact by location (central versus peripheral)
of the culling programme on remaining population
density in 2005 (69% reduction versus 39% reduc-
tion, respectively).
Mosquito density estimates
Figure 3 indicates Kernel density estimates of rel-
ative mosquito abundance across the Cuyahoga
county area. There was higher abundance of mos-
quitoes in the eastern inner-ring suburbs during the
June-July period, with an apparent shift of highest
abundance to the western and south-western sub-
urbs later during the August-September period.
Intersection of human, deer and mosquito abun-
dance
Based on GIS-based spatial analysis of the avail-
able human and mosquito data, and the expected
local deer abundance based on component land use
as extrapolated from the observed Solon city data
(see above), the areas of the county with highest
potential risk of density-dependent arbovirus trans-
mission among deer and between deer and humans
are shown in Figures 4 and 5. Based on these esti-
mates, we would expect the greatest number of
human cases to occur in the areas marked in blue in
the inner- and outer-ring suburbs as indicated dur-
ing the June-July and August-September time peri-
ods. Without deer control, substantially larger areas
are involved in August and September (497 km2 in
August-September, compared to 135 km2 in June-
July). Figures 4 and 5 also indicate the potential
impact of reducing deer herd size, with a moderate,
post-control reduction of projected transmission
areas in the June-July period (135 km2 reduced to
53 km2, i.e. 61% reduction with lower deer densi-
ty), and a more substantial reduction for August-
September (497 km2 to 53 km2, i.e. 89% reduction
in high deer-mosquito-human overlap areas after
countywide deer control).
Discussion
Our results suggest that white-tailed deer popula-
tions could serve as an effective vertebrate reservoir
for mosquito-borne infection, including arboviruses,
even in a “highly developed” peri-urban setting in
North America. The resurgence of the North
Deer density per square km2





































Table 1. Observed white-tail deer density per km2 for Solon, Ohio. Columns indicate values for the city’s central area and for
its periphery, before (2004) and after (2005) implementation of deer population control.
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American deer population, already linked to the
spread of tick-borne pathogens Lyme borreliosis
(Piesman, 2006), ehrlichiosis, and anaplasmosis
(Manangan et al., 2007; Hoen et al., 2009), could
also provide a extensive reservoir for transmission
of an exotic mosquito-borne pathogen, such as RVF
virus. White-tailed deer are a common source of
mosquito blood meals. Recent blood-meal studies of
Anopheles spp. and Aedes spp. in the north-eastern
US (Apperson et al., 2004; Molaei et al., 2009a,b)
indicate that deer are the source of at least half of
the meals taken by these species. While in urban and
peri-urban settings, Culex spp. favour birds for their
blood meals, they remain opportunists, and at least
1:7 of their blood meals are taken from mammals,
predominantly humans, in city areas (Hamer et al.,
2009; Huang et al., 2009). In more suburban areas,
10-16% of Culex blood meals have been found to
come from white-tailed deer (Apperson et al.,
2004), indicating their strong potential as bridge
vectors for deer-to-human arbovirus transmission in
mixed urban and suburban areas.
Deer populations have dramatically increased in
the north-eastern US over the last 50 years, as their
Fig. 4. Map of high density mosquito, high density human,  and high density deer overlap in June/July, projecting deer densi-
ty with (right panel) and without (left panel) implementation of deer population control.
Fig. 5. Map of high density mosquito, high density human,  and high density deer overlap in August/September, projecting deer
density with (right panel) and without (left panel) implementation of deer population control.
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preferred forest habitat has actually increased in this
region over time. Reductions in open cropland, and
increases in fractionated forested habitat have con-
tributed to this trend. Fractionation of habitat has
been linked to increased human arboviral disease in
previous studies (LaBeaud et al., 2008). In the
absence of natural predation, with the exception of
human hunting, deer populations may reach 35 per
km2 (90 per mi2) in some areas (Shafer-Nolan, 1997;
O’Brien et al., 2006). Of note, the total forested
area of Cuyahoga actually increased by 26%
between 1991 and 2006 (USDA Forest Service data-
base, available at http://fia.fs.fed.us/tools-data/), a
period in which many crop areas were taken out of
production pending suburban development (Stoll et
al., 1991; Iverson and Iverson, 1999) and mixed use
forested parkland was increased within the county
(Shafer-Nolan, 1997). With this resurgence, white-
tailed deer have become embedded wildlife as part
of the county landscape, with the attendant risk of
deer-borne zoonoses (O’Brien et al., 2006). The sit-
uation here is analogous to the return of the red fox
in suburban areas of northern Europe, which has
been associated with risk for introduction of sylvat-
ic strains of rabies and echinococcosis within city
limits (Deplazes et al., 2004). 
White-tailed deer are currently known to be reser-
voirs for the mosquito-borne arboviruses Jamestown
Canyon, Cache valley and Potosi viruses (Molaei et
al., 2009a), and epizootic haemorrhagic disease virus
(Allison et al., 2010), which are not presently consid-
ered to be pathogenic for humans. The question
remains: will white-tailed deer provide a suitable
amplifying wild reservoir for introduced “exotic”
pathogens such as RVF virus? Though the virus has
not been documented in the US, in 2000 it crossed the
continental boundaries of Africa to extend into the
Middle East (Balkhy and Memish, 2003). North
American mosquitoes have been shown to be compe-
tent vectors for RVF virus in laboratory studies
(Turell et al., 2008), and there is real concern about
potential RVF spread to Europe and the Americas
(Weaver and Reisen, 2010). RVF flares up within
local ecosystems following heavy rains (Davies et al.,
1985; Linthicum et al., 1999) that permit its initial
reservoir, floodwater Aedes spp. mosquitoes, to
emerge and then infect nearby susceptible mammals
(Linthicum et al., 1985). Later blooms of other com-
petent vector mosquito species such as Culex perpet-
uate transmission during wet periods.
In Africa, susceptible wildlife and livestock are pre-
dominantly ruminant species, including cattle, sheep,
goats, and including local wildlife such as African
buffalo, lesser kudu, impala, kongoni, waterbuck and
eland (Evans et al., 2008). In animals, RVF infection
is frequently associated with haemorrhagic disease
and high mortality, as well as high rates of fetal
demise and miscarriage among pregnant females
(Wilson et al., 1994; Woods et al., 2002).  Humans
may either acquire RVF virus through direct contact
with infected animal tissues, by inhalation of aerosols
of body fluids from infected animals, or via mosqui-
to bites. In humans, RVF is most often self limited,
resulting in a 4-7 day illness characterized by fevers,
arthralgias and headaches (Kahlon et al., 2010).
However, in approximately 10% of cases, acute RVF
involves more severe pathology, including menin-
goencephalitis, uveitis and/or retinitis, while in 0.3 to
1% of cases, a fatal haemorrhagic fever develops
(Laughlin, et al., 1979, Al-Hazmi et al., 2003).
Among emerging infectious diseases, RVF’s potential-
ly severe impact on human health, combined with its
high mortality for domestic livestock, have made it a
priority for global control and prevention.
There are obvious limitations to our study. The sus-
ceptibility of O. virginianus to RVF infection is
unknown, as is its likely morbidity or mortality from
infection. Wild African ungulates appear resistant to
pathogenic effects of RVF infection, whereas intro-
duced European livestock species are not (Davies,
1975). If deer fail to develop high viraemia, they may
prove to be an unsuitable amplifying host for trans-
mission. Conversely, if they suffer high mortality
from RVF infection, decimation of herd size may rap-
idly serve to end local transmission (Piesman, 2006).
Our deer census data reflect only one period of deer
localization during the year, and a different animal
distribution during the peak mosquito season in sum-
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mer may be likely. The arbitrary aggregation of mos-
quito data by calendar month used in our analysis
may obscure the potentially earlier time periods in
which a transition in spatial mosquito density occurs.
Also, our analysis is based on historical data without
continued monitoring and accurate forecasting of
abundance based on weather and other local factors,
implementation of preventative vector control meas-
ures is likely to occur only after mosquito popula-
tions have reached critical levels. Finally, because of
lack of cross-county deer data and of mosquito data
immediately outside the county, our projections of
high-risk areas may underestimate risk in border
areas. 
In Africa, RVF outbreaks can be predicted up to
five months in advance using markers of climatic
change including sea surface temperature (Linthicum
et al., 1987). The dramatic seasonal climate changes
that occur in Cuyahoga County are in stark contrast
with those of Africa. Duration of severe winter cli-
mate conditions (i.e. frost) may have a role in mos-
quito abundance in the following summer (LaBeaud
et al., 2008). Ongoing work to analyze the specific
weather patterns of WN virus transmission in
Cuyahoga county may elucidate further the risk of
other potential arbovirus outbreaks.
The ultimate question is how to address the deer
population a potential reservoir for an introduced
arbovirus pathogen. Deer control has not proven
popular in Lyme disease prevention, where it has
been shown that herd size must be drastically reduced
to affect disease transmission (Piesman, 2006).
Estimates of natural carrying capacity for deer range
from 30 up to 75 deer/ km2 (78 up to 194 deer /mi2)
in local habitats (Stoll et al., 1991; O’Brien et al.,
2006). Expected culling rates (42% in Solon, or a less
extensive 28% (of antlered deer) or 39% of antlerless
deer suggested in other deer control programmes in
rural areas (Wasserberg et al., 2009)) would not nec-
essarily be sufficient to prevent transmission in our
scenario, because deer fecundity is known to increase
as local stocks are reduced. Current density-depend-
ent hunting/harvest rules, combined with parkland
refugia, can actually increase the prevalence of deer-
associated disease. Within the first transmission sea-
son, it will be unclear whether local factors will be
able to continue RVF virus transmission from year to
year. It would seem advisable, however, to aggressive-
ly limit transmission as quickly possible to prevent
spread to other regions potentially more favourable
to continuing transmission. Ideally, a very active deer
vaccination programmme and/or aggressive culling
strategies could result in local RVF-related disease
extinction if no overwintering mechanisms emerge. 
Conclusions
One hundred years ago, white-tailed deer were
nearly extinct in the eastern United States. Since that
time, changes in land use and in wildlife management
have resulted in a strong resurgence of deer numbers
in both rural and peri-urban areas. At present, the
potential impact of this large ungulate population in
human arbovirus transmission is unknown. However,
because of the close overlap of dense human, mos-
quito, and deer populations in many areas, as demon-
strated in this study, there is significant reason for
concern that exotic pathogens such as RVF virus
could become embedded in urban and peri-urban
deer habitat if such viruses get introduced into the
North American ecosystems. Future zoonosis
research in the US and Canadian special pathogens
programmes should focus specifically on deer suscep-
tibility to RVF virus and related phleboviruses, and
on the infected deer’s capacity to infect North
American mosquitoes (that are known to be compe-
tent vectors) during the viremic phase of its illness. In
addition, in terms of broader public health benefits, it
will be useful to find additional means for control of
mosquito and deer populations that will prove both
safe and acceptable to the general public.
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